We applied a recently developed fiber coupling technique to superconducting single photon detectors (SSPDs). As the detector area of SSPDs has to be kept as small as possible, coupling to an optical fiber has been either inefficient or unreliable.
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Etching through the silicon substrate allows fabrication of a circularly shaped chip which self aligns to the core of a ferrule terminated fiber in a fiber sleeve. In situ alignment at cryogenic temperatures is unnecessary and no thermal stress during cooldown, causing misalignment, is induced. We measured the quantum efficiency of these devices with an attenuated tunable broadband source. The combination of a lithographically defined chip and high precision standard telecommunication components yields near unity coupling efficiency and a system detection efficiency of 34 % at a wavelength of 1200 nm. This quantum efficiency measurement is confirmed by an absolute efficiency measurement using correlated photon pairs (with λ = 1064 nm) produced by spontaneous parametric down-conversion. The efficiency obtained via this method agrees well with the efficiency measured with the attenuated tunable broadband source. to each other with a commercially available precisely fabricated sleeve. As the dimensions of these sleeves are very precisely defined, it is possible to use sub-micrometer resolution of lithographic technology to fabricate a detector chip with a shape that fits exactly in the sleeve. By fabricating the detector in the middle of the chip, the alignment of the detector with respect to the core of the ferrule terminated fiber follows naturally.
In figure 1a the device is pictured. The chip, which has a circular shape (figure 1b) is placed inside the fiber sleeve (figure 1a). The detector (figure 1c) is placed exactly in the middle of the circular piece of the chip. The detector itself also has a circular design to minimize the length of the nanowire, as the output of a single mode fiber has a Gaussian shape. Although a smaller active area increases coupling difficulty, it has several advantages.
First, a smaller detector yields a shorter recovery time and second a smaller detector has a decreased probability of constrictions, which can severely limit device efficiency. 13 The total length of the nanowire was 847 µm, which results in a recovery time of approximately 10 ns. We have chosen for an 11 µm diameter detector to match to the size of a single mode optical fiber (9 µm). The width of the wire is 100 nm and it has a filling factor of 50%. is cooled down by either dipping it into liquid helium or by using a dipstick which allows to cool down to approximately 2.5 K by pumping on the outlet of the dipstick. 
By exchanging the paths, the collection efficiency (p 1 and p 2 ) can be determined.
First, the results using the 'attenuated' method are presented. In figure 3a the dark count rate and system detection efficiency as a function of current through the SSPD are shown for a wavelength of λ=1310 nm, for the polarization state which gives maximum efficiency.
We have shown that the interface between the silicon substrate and the silicon dioxide acts a reflecting surface and maximum absorption can be approximated with d ≈ λ/4n + m · λ/2n
with d the thickness and n the refractive index of the silicon dioxide and m=0,1,2... current showed the well known two slope exponential behavior. Background counts caused by detection of stray environment light coupling into the fiber are the major contribution at low currents. For currents close to the critical current the 'intrinsic' dark count rate takes over. The maximum dark count rate was ∼ 1000 cps for 4.2 K and ∼ 500 cps for 2.5 K.
In figure 3b the system detection efficiency at 90% of the critical current (where the dark count rate is approximately 10 cps) is shown as a function of wavelength for the polarization states yielding maximum and minimum efficiency. The operating temperature for this experiment was 2.5 K. The curve shows two peaks in efficiency with a maximum at a wavelength of 1200 nm, although it has been shown that the intrinsic efficiency of SSPDs is higher for shorter wavelengths. It is apparent that the absorption efficiency plays a large part in the system detection efficiency, as this is highly increased for the cavity specific wavelength of λ=1200 nm. To explain the shape of the curve we model the optical system according to 3 to calculate the absorption efficiency η absorption . The absorption without optical fiber is simulated in an FDTD simulation, with the optical index (n, k) measured with an ellipsometer. To incorporate the effect of the fiber tip the absorption efficiency is multiplied with a function which describes a Fabry-Perot cavity using Fresnel equations. In order to fit the data of figure 3b, we define the system detection efficiency as SDE = η c · η intrinsic · η absorption . For the SDE the coupling efficiency η c is taken as unity. We approximate an exponential wavelength dependence of the intrinsic efficiency η intrinsic of the detector. 3 In figure 3b the resulting fit through the maximum polarization can be seen. The fit explains the shape well. From the fitting we obtain a fiber tip to detector distance of l=1.23µm, which is a reasonable value as the fiber ferrule is directly in contact with the chip. The fit also yields a maximum value of 33.6% efficiency at λ = 1200 nm.
The results of the 'attenuation' method are verified using the absolute efficiency measurement setup. We have performed a full set of measurements, with two silicon avalanche photodiodes and another self aligned SSPD as conjugate detector. The coincidences are recorded for a fixed time (120 s). By fitting all data sets, the path and detector efficiencies are determined. The efficiencies of the two Si avalanche photodiodes turn out to be 1.52 % and 1.57 %, slightly lower than their specifications (www.optoelectronics.perkinelmer.com).
The efficiency of the SSPD under investigation is 11.9 %. As can be seen in figure 3b (circle) this is in good agreement with the 'attenuation' method.
In conclusion, we have applied a technique which reliably couples a fiber to a superconducting nanowire single photon detector. We have shown a high coupling efficiency and peak system detection efficiency of 34 % at λ=1200 nm. In the future we will use fibers with an antireflection coating, which will reduce losses at the end of the fiber. In addition, the optical system can be designed such that it is possible to have the maximum efficiency at any required wavelength by adjusting the thickness of the silicon oxide.
